In this paper the current state of knowledge of the replication of cauliflower mosaic virus (CaMV) is reviewed and the DNA intermediates and enzymes involved in replication are discussed. Based on this information a model for the replication complex is developed. In this model it is suggested that replication complexes resemble virus particles and that, in their assembly, there are close interactions between the inclusion body protein, the virus coat protein, the replicase enzyme, the tRN A primer and the 35S RNA template. T he similarities between CaMV replication complexes and those of retroviruses are discussed, and we extend this discussion to a comparison between CaMV and reverse transcribing elements. Hohn et al. 1985). T o introduce this chapter we will described the salient points of caulimovirus molecular biology. Caulimovirus virion DNA is a double stranded circular molecule of about 8kbp containing gaps or discontinuities at specific sites. There is always one strand with one discontinuity (gap 1) which, for CaMV, is the transcribed or ( -) strand. The transcripts have the potential to code for 6 or possibly 8 proteins larger than lOkDa; in carnation etched ring virus
histones) to produce a mini-chromosome (Olszewski et al. 1982 ). There are two major RN A transcripts, the 19S RNA which is the mRNA for the major protein of inclusion bodies (the gene VI product) and the 35S RNA which covers the full genome and has a terminal repeat of 180 nucleotides (see reviews cited above).
• T he recognition that the CaMV genome has several sequences and organizational features in common with retroviruses, together with the realization that members of another DNA virus group, the hepadnaviruses, involved reverse transcription in their replication (Summers & Mason, 1982) , the first strand switch, the formation of ( + ) strand primers at purine rich regions (adjacent to the sites of gaps in the plus strand) and the second strand switch are considered to be by mechanisms similar to those of retrovirus replication. The main difference with retrovirus replication arises when the oncoming newly synthesized strand reaches a priming site. In CaMV it appears that only limited strand displacement takes place thus giving the characteristic structures of the gaps. This completes the mature virion DNA. In this chapter we are going to discuss the nature of replicative intermediates which are important to the elucidation of the replication mechanism, the structure and functioning of the replication complexes, and we will draw attention to the similarities and differences between the replication complexes and retrovirus particles. We will then expand the comparison with retroviruses to include hepadnaviruses and retrotransposons.
R E V E R S E TR A N SC R IPT IO N R EP LIC A T IO N IN T E R M E D IA T E S
One approach to understanding details of the CaMV replicative process has been to analyse the structure of viral DNA forms isolated from infected leaves or from protoplasts infected in vitro. T h ere are two basic types of replication intermediates, those which are extractable by phenol alone and those which resemble encapsidated DNA in that they are extractable by phenol only after prior protease treatment. A variety of viral DNA forms are found in phenol-extracted tissue (Hull & Covey, 19836) . These forms have been variously termed 'intracellular', 'unencapsidated' or 'free' DNAs and this fraction contains relatively little virion D NA. A fundamental feature of reverse transcription as a means of generating double-stranded DNA from single-stranded RNA is that it proceeds in two phases. First, a ( -) strand DNA copy of the RN A template is made and second, this D NA phase becomes the template for ( + ) strand synthesis. Thus, ( + ) strand synthesis cannot begin until after ( -) strand synthesis has started and passed at least the first priming site. From this it follows that, in theory, it should be possible to detect ( -) strands as single-stranded DNAs whilst ( + ) strands exist only in a double-stranded form in cells.
One of the first CaMV replication intermediates to be characterised was a small fragment of viral DNA some 600 nucleotides long that co-purified with poly (A) + RNA and was termed sa-DNA ( Covey et al. 1983 ). Using strand-specific probes-, it was shown that sa-DNA was of ( -) strand polarity and it also mapped to a region of the CaMV genome between the 5' terminus of 35S RNA and the position of the ( -) strand gap (G l) in virion DNA. Some of the sa-DNA molecules appeared to be base paired with two smaller fragments of ( + ) strand DNA whilst others were apparently single-stranded.
An Thomas et al. (1985) showed that isolated CaMV replication complexes were capable of synthesizing both ( -) and ( + ) strands and that this synthesis was asymmetric. ( -) strands with a size range similar to that reported by Marsh et al. (1985) were also observed by Thomas et al. (1985) . Perhaps the most compelling experimental evidence in favour of the CaMVspecific polymerase being capable of reverse transcription has been its demonstrable capacity to copy exogenously applied heteroribopolymers (Volovitch et al. 1984 ; Thomas et al. 1985) . Thomas et al. (1985) showed that the enzyme copied cowpea mosaic virus RNA primed with oligo dT into cDNA of both ( -) and ( + ) polarity. This reaction was dependent upon the replicase complex preparation being subjected to a single freeze-thaw cycle, a treatment which presumably released the endogenous template from the enzyme.
It can be predicted that replication by reverse transcription would be sensitive to RNase but insensitive to actinomycin D for the synthesis of ( -) strands and sensitive to both DNase and Actinomycin D for the synthesis of ( + ) strands. This is partially substantiated by the published data but the experim ents are com plicated by the dem onstration that nucleic acids in replication com plexes have significant resistance to nucleases. 
□ -o-------------•-------------------•---------------------------

A M O D E L FOR TH E R EP LIC A T IO N C O M PLEX
There is now enough information accruing for us to propose a model for the replication complex. The data suggest that it resembles virus particles in many respects. Further interpretation of the available information leads us to suggest that there may be interactions between the inclusion body protein, the complete coat protein gene product, the ( -) strand primer, the 35S RNA and eventually the viral DNA. It is realized that this model is highly speculative but it fits with current observations and explains various features of the virus such as inclusion bodies and the processing of the 58K coat protein precursor. However, if the model is substantiated, there are various problems that will have to be explained. These include the mechanisms of switching the interactions between the coat protein and nucleic acid from single-stranded RNA to double-stranded DNA. The factors involved in 'maturing' the virus particles to give the great stability found in purified virions and, at the same time, removing most of the pol gene and the products of RNase H digestion will have to be elucidated. Also to be explained is the occurrence of the 'unencapsidated' replicative intermediates described earlier although these could be associated with protein more tenuously. In the top right is a diagrammatic representation of a portion of inclusion body with virus particles embedded in it. Below is a diagram showing further details of the proposed interactions between the inclusion body protein, the gene IV product, the gene V product, the genomic RNA and the tRNA primer for minus-strand DNA synthesis. This model is discussed in the text.
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Genomic RNA Gelne V domains RNaseH Polymera Fig. 3 . e t a l. 1982, 1985) . These included the presence of putative ( -) and ( + ) strand priming sites, a terminally redundant genome-length RNA transcript (35S RNA) and the finding of CaMV ( -)  strand 'strong-stop' D N A (sa-D N A) . In addition to these similarities there are differences in detailed aspects of the replicative processes that presumably reflect an evolutionary divergence and host adaptation in each element.
CaMV AN D O THER R E V E R S E T R A N SC R IB IN G E L E M E N T S
T he idea that CaMV replicated by reverse transcription first arose (Covey e t a l.
1983; Guilley
Both CaMV and the heapadnaviruses encapsidate in virions the DNA phase and each exhibits a curious topology in that the DNA strands are discontinuous. One of the early events in the replication cycles of both of these groups of viruses is thought to be the generation of a supercoiled DNA transcription template which remains extrachromosomal in the nucleus of infected cells. This template produces the greater-than-genome-length RNA replication template as the next phase of the cycle.
In contrast, retroviruses package the RNA replication template phase in virions and reverse transcription to produce DNA precedes the transcription phase in the cycle. Moreover, the DNA which arises from reverse transcription of retrovirus RNA is structurally complex in that considerable sequence rearrangement occurs to produce a linear molecule with long terminal repeats (L T R s). This DNA provirus becomes integrated into the host genome where it is transcribed to produce messenger RNA and genomic RNA. In the transcription template of retroviruses and in those of CaMV and hepadnaviruses an essential requirement is to generate RNAs with terminal repeats. In retroviruses this is from a linear molecule by transcription of the L T R s whilst in CaMV and hepadnaviruses the same sequence in a circular (supercoiled) DNA is transcribed twice. In all cases this necessitates ignoring transcription termination signals on the first pass but recognizing them on the second. It is not understood how this is achieved. A further fundamental difference in the replicative process of hepadnaviruses is that they are believed to In conclusion, the reverse transcribing elements appear to constitute a unique group in that although they have greatly diversified throughout the taxonomic groups of eukaryotes, they have also retained many close similarities. It will be interesting to see if they are wholly a eukaryotic phenomenon or whether their progenitors are to be found amongst the prokaryotes as well. 
